Background: The peripheral-type benzodiazepine receptors (PBR) are localized on the outer mitochondrial membrane, as a constituent of mitochondrial permeability transition (MPT)-pore. Among its hypothesized functions, the regulation of the mitochondrial respiratory chain and apoptosis have been suggested; in addition alterations of PBR site density have been shown in some neuropathologic conditions with putative mitochondrial involvement. The aim of this work has been to evaluate PBR kinetic binding parameters in platelets from patients affected by mitochondrial disorders (MD) with large-scale mitochondrial DNA deletions and reduced cytochrome c oxidase activity. Materials and Methods: Using the specific PBR radioligand [
Introduction
The mitochondrial disorders (MD) are genetically and phenotypically heterogeneous groups of disorders caused by structural and functional abnormalities in mitochondria. More conventionally, the term MD is used to indicate diseases caused by defects of the mitochondrial respiratory chain (electron transport chain [ETC] ), mostly due to mutations in oxidative phosphorylation (Oxphos) genes (1) .
Impaired ETC functioning leads to a number of deleterious consequences including decreased ATP production, impaired calcium buffering, and generation of free radicals. These changes lead to further mitochondrial damage such as oxidation of mitochondrial DNA (mtDNA), proteins, and lipids. The decline in mitochondrial energy production and the increase in oxidative stress can also impinge on the opening of the mitochondrial permeability transition (MPT)-pore (2) , responsible for the mitochondrial membrane permeabilization, an early step of both apoptotic and necrotic cell death (3) (4) (5) . Recently, apoptotic cell death has also been observed in skeletal muscle of patients with ETC defects and other metabolic myopathies, including MD (6) , and in cybrids model carrying a point mutation, which is located in the tRNALeu (UUR) gene of mtDNA, responsible for mitochondrial encephalomyopathy (MELAS syndrome) (7) .
Although the exact protein composition of the MPT pore is poorly understood, it is known that several proteins such as the voltage-dependent anion channel or porin, the adenine nucleotide translocator, the peripheral benzodiazepine receptor (PBR), and apoptosis-regulatory proteins from the Bax/Bcl-2 family are its important constituents (4, 8) .
PBR is a 18,000-dalton transmembrane spanning protein, distinct from the central-type benzodiazepine receptor (CBR), expressed in almost all the peripheral mammalian tissues, including blood cells, and also in glial cells in the brain (9) (10) (11) . Although the precise function of the PBR remains an enigma, recent studies suggest that the PBR takes part in the regulation of the mitochondrial permeability and induction of apoptosis (12, 13) .
Interestingly, PBR density is modulated under a variety of physiologic or pathologic conditions. Several pathologic states including stress (14, 15) Based on these considerations and to evaluate whether PBR involvement occurs in MD, the aim of the present study has been to assess, compared to controls, the kinetic binding parameters of the specific PBR ligand, PK 11195, in platelets from 11 patients affected by MD with large scale mtDNA rearrangements.
Materials and Methods

Selection of Patients
Eleven patients with a clinical-molecular diagnosis of MD (3 men and 8 women, mean age 55.1 Ϯ 15.7 years, range 27-74) entered the study (Table 1) . Fifteen age-and sex-matched volunteers (5 men and 10 women, aged 42.3 Ϯ 8.6 years, range 30-81) were recruited as controls. Our institution's Committee on Human Experimentation approved the investigation protocol. The purpose and procedure of the study was explained to each subject who gave his/her informed consent. No patient was taking medications for at least 4 months before the start of the study.
Muscle Biopsy Analysis
For diagnostic purposes muscle biopsy was obtained from the left deltoid under local anesthesia. Muscle specimens were frozen in liquid nitrogenchilled isopentan, and processed for histologic, histochemical, biochemical, and Southern blot analyses, as described below.
Morphology and Histochemistry
Routine staining for hematoxylin-eosin, Gomori's trichrome, ATPase pH 4.6 and 9.4, as well as oxidative histochemistry for nicotinamide dehydrogenase tetrazolium reductase (NADH-TR), succinate dehydrogenase (SDH), and cytochrome-c oxidase (COX) were performed as previously described (21).
Biochemical Analysis
In nine cases ( Table 1 ) the activity of complex IV (COX; EC 1.9.3.1) was determined spectrophotometrically from isolated muscle mitochondria as described by Rustin et al. (22) .
Mitochondrial DNA Analysis
To study mitochondrial DNA, total DNA was extracted from 10-20 mg of patients' frozen muscle homogenates using standard protocols (23). Southern blot analysis was performed with 4 g of DNA digested with Pvu II, electrophoresed through an 0.8% agarose gel, then transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA). Human skeletal muscle mtDNA was labeled by random-primer incorporation of digoxigenin-labeled deoxyuridine triphosphate (Boehringer-Mannheim, Roche Diagnostics, Milan, Italy) and used as hybridization probe as described (24). The membrane was hybridized with the labeled probe overnight at 68ЊC, then washed and exposed at film X-OMAT AR (Kodak, Rochester, NY, USA) for 30 min at room temperature.
Separation of Platelets for Binding Studies
Platelets from MD patients and healthy volunteers were obtained from venous blood (20 ml) of each subject. After mixing blood with 5 ml of anticoagulant sodium citrate (2.2%) and citric acid (1.2%), platelet-rich plasma (PRP) was obtained by lowspeed centrifugation (200 ϫ g for 20 min at 23ЊC). Pelleted platelets obtained by PRP centrifugation at 1500 ϫ g for 15 min at 23ЊC were stored at Ϫ80ЊC until PBR binding assay. After incubation for 90 min at 4ЊC, samples were filtered under vacuum through Whatman GF/C filter and washed three times with 5 ml of ice-cold assay buffer. The radioactivity was counted in 4 ml of scintillation cocktail, using a Beckman LS 1800 liquidphase scintillation counter.
Data Analysis
The equilibrium dissociation constant (K d Table 1 reports clinical and laboratory characteristics of MD patients. Eight patients were affected by chronic external progressive ophthalmoplegia (CPEO), sporadic in six and inherited autosomal dominant in two cases, two by myopathy with exercise intolerance (cases 4 and 11), and one by autosomically dominant inherited encephalomyopathy, bipolar disorder, and multiple symmetrical lipomatosis (case 1). All patients matched the accepted criteria for diagnosis of MD: in particular, they showed COX-negative/SDH-positive fibers with a mosaic distribution, and scattered ragged red fibers (RRF) on muscle biopsies. Southern blot analysis showed single (7 cases) or multiple (4 cases) mtDNA deletions in muscle biopsies. Biochemical analysis, performed in nine patients, revealed reduction of COX activity to a variable extent by comparison with the control mean value: below 2 standard deviation (SD) in six patients, between 1 and 2 SD in three patients.
Results
Clinical and Muscle Biopsy Data
[ 3 H] PK 11195 Binding to Human Platelets' Membrane
For each platelet membrane sample, obtained from patients and healthy volunteers, [ 3 H]PK 11195 highaffinity binding sites were detected. Nonspecific binding (lower than 10% of total binding) was found to be identical between controls and patients (data not shown). No binding differences among male and female patients were found. Scatchard plots were linear for all analyzed subjects, suggesting the presence of a single population of binding sites (data not shown). Correlation between the reduction of platelet PBR B max and that of skeletal muscle COX activity did not rich a significant level. However, performing onetailed analysis (by excluding that patient B max value that approached the control range), this relationship reached a significant level (r ϭ 0.69, p Ͻ 0.05) (Fig. 2) .
Discussion
PBR is a 18,000-dalton transmembrane spanning protein, pharmacologically, anatomically, and structurally distinct from CBR. PBR is expressed in almost all the peripheral mammalian tissues, including blood cells, as well as within the brain glial cells (10, 11, 29, 30) . A wide spectrum of putative functions has been attributed to PBR, such as steroid biosynthesis (31) (32) (33) , inflammatory response (34) , immune responses (35) , insulin secretion (36), mitochondrial respiration (37) , and regulation of cellular differentiation and proliferation (38) (39) (40) . The primary localization of PBR in the mitochondrial membrane and its involvement in the MPT-pore complex, suggest that the PBR takes part in the regulation of mitochondrial permeability and induction of apoptosis. Several papers report that specific PBR ligands may induce apoptosis directly (41) (42) (43) or may facilitate apoptosis induction by several agents in different cells (44) (45) (46) .
Recently, another important component of MPTpore, the adenine nucleotide translocator (ANT), has been reported mutated in some autosomal dominant mitochondrial disorders, clinically associated with progressive external ophthalmoplegia (47) (48) (49) . Because it has been demonstrated that, at mitochondrial level, ANT co-solubilizes with the voltage-dependent anion channel and PBR (50, 51) , suggesting a functional association of these important constitutive elements of the MPT-pore complex, in the present paper we investigated PBR binding characteristics in platelets from patients affected by different form of MD, molecularly characterized by the presence of single or multiple deletions of mtDNA.
To the best of our knowledge, the present study is the first observation of modifications in the binding of [ 3 H] PK 11195, a specific PBR ligand, on the membranes of platelets from patients affected by MD. In these patients, an alteration in kinetic binding parameters (K d and B max values) was clearly present. The decrease of binding site density was recorded in all analyzed patients either with multiple or single mtDNA deletions. These data indicate that biochemical alterations occurs at the peripheral level in these neurologic disorders. It is well known that abnormal PBR density frequently occurs in pathologic conditions, including neurometabolic or neurodegenerative disorders (12) . In particular, a decrease in the density of PBR has been found in platelets or lymphocytes of patients with hepatic encephalopathy (52) and with Parkinson's disease (PD) (53) . Furthermore, in the platelets of patients affected by Alzheimer's disease (AD), either an increase or a decrease has been found (54, 55) . Moreover, PBR seems to represent an intermediate site for the modulation of the mitochondrial respiratory function (56, 57) . PBR ligands have been thought to increase state IV and decrease state III respiration rates, so that activation of the PBR significantly decreases the respiratory control ratio. Further studies (58) . Based on these observations, it has been suggested that changes in PBR density may, at least in part, reflect the alterations of the mitochondrial respiratory function (53, 55) . In fact, a reduced enzymatic activity of mitochondrial respiratory chain has been observed both in brain and in the peripheral tissues of patients affected by AD or PD (59) (60) (61) . In MD with large-scale mtDNA rearrangements, biochemical analysis, usually carried out on muscle biopsies or platelets of patients, frequently show alterations of enzymatic mitochondrial respiratory chain activity, consisting of deficiency of one or more of the mitochondrial respiratory chain complexes (62, 63) .
Because mitochondrial metabolism is not only the principal source of high energy intermediates, but also of reactive oxygen species (ROS), it has been suggested that inherited or acquired mitochondrial defects could cause cell degeneration as consequence of both energy defects and oxidative damage (13) . Considering the primary mitochondrial localization of PBR, its role in regulating some mitochondrial functions, and its sensitivity to ROS, the question of PBR role appears therefore relevant not only in those neurodegenerative and neuropsychiatric pathologies, where mitochondrial dysfunction has been considered to play a pathogenic role, but also probably in other MD as well.
It might be hypothesized that in our MD patients the decrease of PBR binding sites is related to mitochondrial dysfunction; in fact, all the examined patients showed a reduction of COX activity as consequence of the pathogenic mtDNA deletions and there was a trend in the relationship between the decrease of platelet PBR density and skeletal muscle COX activity. These results suggest that the metabolic status of cell could be relevant in modulating PBR density in MD.
Our findings may provide new insights into the pathogenesis of MD and form the basis of future studies on function of MPT-pore, where PBR represents an important constituent.
